The neuroprotective efficacy of hypothermia (HT) after hypoxia-ischemia (HI) falls dramatically the longer the delay in initiating HT. Knowledge is scarce regarding protective or adverse effects of HT in organs beyond the brain. In addition, the relative effectiveness of selective head cooling (SHC) and whole body cooling (WBC) has not been studied. We aimed to examine whether 24 h HT, initiated 3 h after global HI is brain-and/or organ-protective using pathology, neurology, and biochemical markers. Fifty, Յ1-dold pigs were subjected to global HI causing permanent brain injury. Animals were randomized to normothermia (NT), (T rectal ) 39.0°C, SHC Trectal 34.5°C, or WBC Trectal 34.5°C for 24 h, all followed by 48 h NT. There was no difference in injury to the brain or organs between groups. There was no gender difference in brain injury but females had significantly more organs injured [2.3 (Ϯ 1.3) [mean Ϯ SD] vs. 1.4 Ϯ (1.0)]. The postinsult decline in lactate was temperature independent. However, HT animals normalized their plasma-calcium, magnesium, and potassium significantly faster than NT. Delayed SHC or WBC, initiated 3 h after HI, does not reduce pathology in the brain nor in organs. Delayed HT improves postinsult recovery of plasma-calcium, magnesium, and potassium. There were no differences in adverse effects across groups. H ypothermia (HT) after hypoxia-ischemia (HI) is neuroprotective in experimental models across different species (1-3) with both short and long-term survival (4,5) and after a delay between insult and treatment (6,7). Recent, multicenter, randomized controlled clinical trials used two cooling methods; selective head cooling (SHC) combined with mild systemic HT to rectal temperature (T rectal ) 34.5°C (Gluckman, 2005) (8) or whole body cooling (WBC) to T rectal 33.5°C (9,10). In newborn term infants with hypoxic-ischemic encephalopathy (HIE), both the methods of cooling improved neurodevelopmental outcome (11). The two larger multicenter trials of HT applied to neonates (8,9) did not aim to examine organ protection after HT; however, some cardiovascular and biochemical results were reported and no differences between cooled and noncooled infants were seen. In a smaller WBC trial by Eicher et al. (10) where less mature infants (Ն35 wk gestational age) were also included and the most profound cooling (33.0°C) of the three trials was applied, the cooled infants needed longer inotropic support than the normothermic infants. Clotting times in the cooled infants were also abnormal more often.
H ypothermia (HT) after hypoxia-ischemia (HI) is neuroprotective in experimental models across different species (1-3) with both short and long-term survival (4, 5) and after a delay between insult and treatment (6, 7) . Recent, multicenter, randomized controlled clinical trials used two cooling methods; selective head cooling (SHC) combined with mild systemic HT to rectal temperature (T rectal ) 34.5°C (Gluckman, 2005) (8) or whole body cooling (WBC) to T rectal 33.5°C (9, 10) . In newborn term infants with hypoxic-ischemic encephalopathy (HIE), both the methods of cooling improved neurodevelopmental outcome (11) . The two larger multicenter trials of HT applied to neonates (8, 9) did not aim to examine organ protection after HT; however, some cardiovascular and biochemical results were reported and no differences between cooled and noncooled infants were seen. In a smaller WBC trial by Eicher et al. (10) where less mature infants (Ն35 wk gestational age) were also included and the most profound cooling (33.0°C) of the three trials was applied, the cooled infants needed longer inotropic support than the normothermic infants. Clotting times in the cooled infants were also abnormal more often.
Although most piglet models produce an insult largely confined to the brain (12) , our piglets are subjected to global HI allowing examination of systemic effects of treatment interventions as well as effects on the brain. Previously, we have shown that this model displays the same type of brain and organ injury and cardiovascular responses seen in the asphyxiated infant (2, (13) (14) (15) . It has been suggested that SHC is superior to WBC, offering greater cortical protection and fewer adverse systemic effects. Yet, the two modes of cooling have not previously been compared in the same trial, clinically or experimentally. We aimed to examine whether 24 h of HT, initiated 3 h after global HI is neuro-or organ-protective and whether any differences exist between SHC and WBC in organ or brain pathology or biochemical markers.
METHODS
Protocols were approved by the University of Bristol Ethical Review Panel and carried out in accordance with British Home Office guidelines.
Preparation. Crossbred Landrace-Large White, newborn pigs were kept in a calm, heated environment and bottle-fed pig formula (Faramate; Volac Feeds, Royston, UK) ad libitum. The 50 pigs included in this study showed a nonsignificant (p ϭ 0.061) difference in proportion of males/females between the groups [normothermia (NT) 11/5, WBC 10/7, and SHC 5/12]. The median [interquartile range (IQR)] age was 20 h (16.5-24) and weight 1570 g (1380 -1750).
Anesthesia was induced in a closed perspex box, with halothane (3%), N 2 O (67%), and O 2 (30%), followed by endotracheal intubation and mechanical ventilation with maintenance anesthesia. Antibiotics were administered 12 hourly throughout the study period. Pigs with a mean arterial blood pressure (MABP) less than 40 mm Hg were treated with two boluses of saline followed by inotropic drugs if necessary.
Body temperature was recorded using a rectal probe inserted 6 cm from the anal margin. Brain temperature was measured with calibrated microthermocouples (Physitemp Instruments Ltd, Clifton, NJ) in the superficial cortex and at 2.2 cm from the brain surface, at the level of the basal ganglia. Temperatures were recorded digitally every minute. Single-channel biparietal electroencephalography (EEG) (Medilog) and amplitude integrated EEG (aEEG) (Olympic 6000) were applied. Values for temperature, MABP, heart rate, oxygen saturation, and aEEG were recorded continuously. Biochemical and hematological variables including creatinine, sodium (Na), potassium (K), chloride (Cl), magnesium (Mg), calcium (not albumin corrected) (Ca), alanine aminotransferase, aspartate aminotransferase, lactate dehydrogenase, gammaglutamyl transferase, bilirubin, albumin, total protein, white blood cell count, red blood cell count, hemoglobin (Hb), hematocrit, platelet count, glucose, lactate, and blood gases were recorded before, during and postinsult at predetermined time points.
The HI insult. The HI model with modifications has previously been described (2, 13) . Briefly, hypoxia was induced and the fraction inspired oxygen maintained at ϳ5-6%, resulting in suppressed and low amplitude-EEG Ͻ7 V. This degree of HI has been shown to induce permanent brain injury in newborn pigs (13) . Forty-five minutes, HI was followed by reoxygenation with 30% O 2 until the transcutaneous oxygen saturation was Ն92%, which usually occurred within 5 min.
After the HI insult. Inhalation anesthesia continued until the onset of HT (3 h after the end of HI) when it was replaced by i.v. anesthesia of propofol and fentanyl for 24 h. After anesthesia, intramuscular injections of buprenorphine (10 -20 g/kg every 12 h) were given for analgesia. Pigs were extubated when spontaneous breathing was adequate. Posthypoxic clinical or electrical seizures were treated as required.
Cooling procedures. Three hours after HI, pigs were randomized to one of three strategies: NT (T rectal 39.0°C) or HT (T rectal 34.5°C) using a cooling blanket (Tecotherm TS 200 Tec, Com Halle Germany) (WBC), or a cooling cap (Olympic Medical, Seattle, US) (SHC). Temperatures were maintained for 24 h. Rewarming at 0.8°C/h to 39°C was started by removing the cooling cap or blanket.
Neurology assessment. An 11-item scoring system (2,13) was applied before HI and at 27, 33, 48, and 72 h after the insult. Seventy-two hours post-HI animals were reanesthetized and intubated. Under deep anesthesia, brains were perfused through the common carotid arteries with 4% formaldehyde. A full autopsy was performed immediately with description of macroscopic pathology. All internal organs were immersion fixed in 4% formaldehyde. Placement of the umbilical venous and arterial catheters was documented. A perinatal pathologist (H.P.) carried out a second, detailed autopsy, examined the organs and scored them with zero for no lesions, or one for presence of histologic lesions (15) . Ten coronal sections were examined from each brain, sampled at regular, 0.5 cm intervals. Seven regions of the brain were analyzed for the average brain pathology score as previously described (2, 13) . These were, cortical gray matter, white matter, basal ganglia, hippocampus, thalamus, cerebellum, and brainstem.
Two animals failed to recover after HI with persistent isoelectric EEG and documented brain death and were thus excluded from the study.
Survival. Six pigs died prematurely because of cardiovascular compromise caused by HI, two in the NT group (at 33 and 56 h), two in SHC group (at 34 and 53 h), and two in WBC group (at 48 and 68 h). All six were included in the analyses as they survived beyond the rewarming period (33 h).
Data analysis. A linear regression analysis was performed with number of damaged organs or average brain pathology as the dependent variable. A significance value of 0.05 was used when allowing independent factors (Tables 1 and 2 ) to enter the regression. Normally distributed continuous variables at baseline were compared at the selected time points after HI by paired t test. Data that were not normally distributed were analyzed with nonparametric statistics: Wilcoxon matched pairs test with Bonferroni's correction for multiple comparisons, Mann-Whitney U test, and Kruskal Wallis rank test. Nominal data were evaluated using 2 test or Fisher's exact test. Areas under the curve (AUC) for continuous data during the cooling period were calculated with the trapezium rule.
RESULTS
There was no difference in baseline variables or in the severity of HI across the three groups (Table 3) . During cooling, rectal and brain temperature AUCs (Fig. 1) were significantly lower in the SHC and WBC groups compared with the NT group (p Ͻ 0.001). There was no difference in T rectal between SHC and WBC groups during the 24 h hypothermic period. Deep and superficial brain temperatures were lower in the SHC group than the WBC group ( Fig. 1 ). T rectal did not differ during the remainder of the experimental period ( Fig. 1) . AUC for heart rate in SHC (n ϭ 17) and WBC (n ϭ 17) groups were significantly lower than the NT group (n ϭ 16) (p ϭ 0.001 vs. p Ͻ 0.001). AUC for MABP, arterial pH, base excess, glucose, pCO 2 , pO 2 , and HCO 3 did not differ across groups during the insult, cooling period nor thereafter. Mean (ϮSD) plasma lactate rose to 19.5 mM (Ϯ3.7) by the end of the insult. The recovery time to normal values after reoxygenation was similar across the groups ( Fig. 2 ) with normalization in lactate at 3 h postinsult compared with baseline (p ϭ 0.417).
Brain. There was no difference in average brain pathology score across the three groups. Median (IQR) for average brain Independent variables with a relationship to the dependent variables; from linear stepwise regression model. Excluded independent were average HR and MABP during HI, age, gender, treatment group, pH and lactate during and 3 h after HI, duration of dopamine infusion and duration of LA-EEG during HI. 153 (8) 198 (17) 221 (21) 179 (29) 178 (51) 165* † (26) 202* † (25) 211 (39) 182 (42) 163 (30) MABP (mm Hg) 193 (16) 186 (31) 200 (26) 150 (44) 114 (31) 136 (39) 194 (42) 167 (46) 164 (30) MABP (mm Hg) 187 (17) 177 (32) 206 (31) 125 (37) 119 (24) 128 (42) 193 (40) 176 (21) 184 ( Pooling the data for regression analysis demonstrated a significant relationship between average brain pathology score and the independent variables arterial pH at end of insult and duration of seizures (Table 1) .
Posthypoxic seizures developed in 27 animals (NT, n ϭ 7; SHC, n ϭ 11; and WBC, n ϭ 9) with no difference in the number of seizures (p ϭ 0.480) or total duration of seizures between groups. The median (IQR) duration of seizures in these 27 animals that seized was 90 min (20 -279) after NT, 56 min (20 -80) after SHC, and 100 min (64 -158) after WBC (p ϭ 0.164). The types of brain injury seen in this model has previously been published (13, 16) .
Organ pathology. Significantly, fewer damaged organs were observed in males than females (Mean (ϮSD) 1.4 (Ϯ1.0) vs. 2.3 (Ϯ1.1), p ϭ 0.004) ( Table 2 and Fig. 3 ). Histologic pictures of typical pathologic findings are shown in Figures  4A-F . There was a significant relationship between the three independent variables; arterial pH, lactate at 3 h after the insult (immediately before delayed cooling started), gender and the number of organs with pathologic lesions.
Liver. The most frequently damaged organ was the liver (n ϭ 29) (Table 4) . No difference in the prevalence of liver pathology was seen across the groups (p ϭ 0.985). The pathologic findings were: Necrosis (n ϭ 18) (Fig. 4A) , thrombus in hepatic vein (n ϭ 12) (Fig. 4B) , subcapsular hematoma Number of organs with pathology (%) at 72 h after global HI followed by NT, WBC or SHC. MOD is defined as two or more organs injured. (n ϭ 2) or congestion (n ϭ 1), and small hemorrhagic foci (n ϭ 2). Areas of neutrophil infiltration in the hepatic vein vessel wall were seen in five livers. Infiltration cooccurred with bacteria in two cases. Subcapsular injury was the sole liver pathology in two cases, whereas multiple types of injury were found in 11 livers.
Location of the tip of the umbilical vein catheter (UVC) was recorded at autopsy in 29 animals. The tip of the UVC was found advanced into the liver in 19 pigs and outside the liver in 10. No relation between UVC location and liver injury was seen (p ϭ 0.187).
Liver enzymes, blood lactate, and severity of insult did not differ between animals that did and did not develop liver injury.
Kidneys. Kidney lesions were seen in 21 pigs across the three groups (p ϭ 0.774) ( Table 4 ). The pathologic findings were: Necrosis (n ϭ 7) (Fig. 4C) , dilatation of tubules (n ϭ 6), dilatation of collecting duct (n ϭ 4), interstitial hemorrhage (n ϭ 2), hydronephrosis (n ϭ 1), scarred segment in cortex (n ϭ 2), areas of neutrophil infiltration (n ϭ 2), thrombus in small vessels (n ϭ 5), and small cysts (n ϭ 1). Loss of tubules and signs of fibrosis were seen in one piglet. More than one type of kidney pathology was seen in seven animals. No clinically significant differences in hematology and biochemistry, including peak creatinine were seen between animals with or without kidney damage.
Lungs and heart. Twenty-three pigs developed pulmonary lesions (Table 4) . Pneumonia was seen in 18 pigs (Fig. 4D) , pulmonary artery thrombus in five (one in a large artery and four in small arteries) (Fig. 4E) , intraalveolar hemorrhage in two pigs, and edema in one. Pneumonia cooccurred with other lesions in three pigs. No parameters including pO 2 and pCO 2 were significantly affected by pathologic findings at any time point including the duration or need of ventilation (p ϭ 0.134).
Cardiac injury occurred in 19 pigs. Types of injury were necrotic lesions in 18 (Fig. 4F) and a thrombus in an intracardiac vessel in one piglet. Frequency of cardiac and pulmonary injuries did not differ across groups (p ϭ 0.621 and p ϭ 0.221, respectively).
Spleen, pancreas, intestines, and adrenals. Extensive necrosis in the spleen occurred in one pig. No other pathologic findings were seen in the spleen, pancreas, intestines, and adrenals.
Biochemistry. At the end of HI, plasma-Ca, Mg, and K had risen (Figs. 5A-C). This was followed by a decline 3 h postinsult, after which, cooling began. (Fig. 5A) . The same trend was seen for plasma-Mg. AUC for plasma-Mg was 0.63 (Ϯ0.07) after NT, 0.69 (Ϯ0.07) after SHC, and 0.68 (Ϯ0.08) after WBC. The difference was significant for the SHC and WBC groups compared with NT at 6 h (p ϭ 0.003 and 0.016) and 9 h (p ϭ 0.005 and 0.014) postinsult, and between SHC and NT groups 9 h postinsult (p ϭ 0.013).
The opposite pattern was seen for plasma-K where lower levels were detected in the WBC (p ϭ 0.002) and SHC (p ϭ 0.017) groups compared with NT, 6 h postinsult (3 h into delayed cooling). No differences were seen in Cl and Na across groups.
During cooling, AUC of plasma-creatinine was significantly elevated in the NT group compared with the SHC (p ϭ 0.007) group. A significant difference in plasma-creatinine between the NT and the WBC group was seen at 9 h into cooling (p ϭ 0.000). No other differences in hematology, including platelet count, or biochemistry were seen across groups.
Drug treatment. Thirty-one animals required inotropic drugs after HI to maintain MABP above 40 mm Hg. There was no significant difference between the groups in required duration of inotropic support (p ϭ 0.385).
Thirteen animals received phenobarbital treatment for seizures documented on aEEG/EEG, four in the NT and WBC groups and five in the SHC group with no significant difference in the numbers of doses received. Four animals required a second or third line drug (lidocaine and/or midazolam) to control seizures. A-F) Organ histology. Selection of histologic lesions seen after global HI. Liver tissue with necrotic cells (A, magnification ϫ400) and thrombus in hepatic vein (B, ϫ50). Kidney necrosis (C, ϫ200), lung tissue with pneumonia (D, ϫ400) and thrombus in large pulmonary artery (E, ϫ400) and myocardial necrosis (F, ϫ200). Scale bar ϭ 200 m.
DISCUSSION
This is the first time the two commonly used modes of cooling have been compared in the same randomized study. The main finding of this study is that delayed HT was neither neuro-nor organ-protective, nor did either mode of cooling produce more adverse effects than NT. We found no difference between the two methods in any of the biochemical or histopathological variables investigated.
In studies on fetal sheep (6) and in clinical trials (8,9) a significant effect was seen with a 5.5 h delay in HT treatment. Because the degree of injury in our study was relatively mild to start with, we had hypothesized that we would detect a protective effect if present as HT is thought to be more effective in milder injury (8) . Previously, we found that 24 h HT, when started immediately, gave significant neuroprotection. If HT is applied with a delay, 24 h may be insufficient for this species, as is the case in fetal sheep (personal communication, Alistair Gunn).
There is no valid noninvasive measurement method for cerebral blood flow (CBF) that is suitable for a survival model that wakes up, thus we cannot monitor CBF changes in response to the insult or temperature changes. We have previously shown that Doppler flow velocity measurements, do not correspond to electromagnetic CBF in the newborn pig (17) .
The reduction in temperature in the present study is 11.5% compared with 6.8 -10.8% in the clinical HT trials. This greater depth of cooling did not cause any serious adverse effects. This is both encouraging for HT as standard care from a safety perspective and in accordance with the literature, where adverse effects were not reported above 34°C core temperature (18) .
To our knowledge, no studies of global HI in newborn mammals have shown any beneficial effects of HT on organs other than the brain (14, 15, 19) . There is, however, some evidence of the positive effects of HT on organ pathology in older animals (20, 21) . One explanation why the NT and HT groups did not differ in incidence of liver injuries in our study is that the systemic HT was mild compared with the studies discussed above.
Pneumonia was the most common lung injury, and is probably iatrogenic and related to the duration of artificial ventilation (22) . Necrotizing enterocolitis can be induced by experimental HT in newborn pigs (23) ; however, no gut pathology was seen in the present study. This could be explained by careful introduction of oral feed as we have previously found necrotizing enterocolitis and distended abdomen with another feeding regimes (14, 24) .
A relationship between gender and numbers of organs with lesions was seen with males suffering fewer damaged organs. This finding is in contrast to the gender distribution of multiorgan dysfunction (MOD) (25) in adults. This is the first study to show gender differences in MOD after HI in the neonatal period. It is known that organ blood flow is redistributed during HI in animal models. Blood flow to the lungs, liver, and kidneys decreases with redistribution to the brain, heart, and adrenals (26) . One could speculate that the higher incidence of MOD in females reflects a more functional redistribution of organ blood flow and could explain the previously reported gender difference which protects females from neurologic damage in the neonatal period (27) . In our NT group, the prevalence of MOD was 5/5 in the females and 6/11 in the males. Mean brain pathology score (ϮSD) was 1.57 (Ϯ1.62) in males compared with 0.33 (Ϯ0.19) in females (p ϭ 0.078). This finding is interesting and gender and organ damage should be taken into consideration in future studies of neuroprotection in the neonatal period.
Significant clinical differences in plasma-electrolytes were present during the cooling period (Figs. 5A-C) . Influx of calcium into cells is a common trigger of ischemic brain cell death. Newborn infants with HIE and poor outcome have been shown to have a larger drop in serum-Ca 2ϩ compared with infants who fully recover after HIE (28) . It has also been shown in rat cortical brain slices that the rate of Ca influx during ischemia is reduced by low temperature (29) . We speculate that the rise in Ca in the cooled groups in our study is due to HT-induced inhibition of cellular Ca influx in affected organs.
Magnesium is known to bind to N-methyl-D-aspartate channels and thereby block Ca influx leading to cell death (30) . Low serum-Mg levels have been seen in cord blood of newborn infants with moderate and severe HIE (31) . Next to K, Mg is the most dominant intracellular ion and is highly affected by pH. Even if Mg does not bind to proteins to the same degree as Ca does to albumin, protein concentrations do have an impact on plasma-Mg. In our material, no correlation was evident between Mg and pH and the albumin and protein concentrations did not differ between the groups. This supports our speculation that HT treatment in some way mobilizes Mg from the bone structure leading to greater availability of Mg to bind to N-methyl-Daspartate channels.
The biochemical pattern seen during the cooling period in our study could be a reflection of less compromise of cellular integrity during HT compared with NT. The delay before initiating cooling and/or the brevity of the HT treatment could explain why no histopathological or biochemical differences were seen across the groups.
No difference in the incidence of hypocalcaemia between HT and NT infants in the two cooling trials was seen (8, 9) . However, the time points were too few and far between for electrolyte changes to be studied.
Reduced tissue perfusion during HT may be more profound during WBC with a lower temperature in the skin. We did not see any differences in the levels of plasma lactate (Fig. 2) between the groups. Hence, we have no evidence of diminished peripheral perfusion during either cooling method. Deranged clotting and increased bleeding tendency are well known complications of severe HT (18) . Clotting was not examined in this study; however, in a previous study by Ferguson et al. (Early Hum Dev 2006 82:613) we examined APTT at 29°C and 39°C and found an increase of 15% during HT with values still within the normal range.
In conclusion, the systemic effects seen in the present study are similar to those seen in term, newborn infants with moderate to severe neonatal encephalopathy, who have been treated with HT-by either WBC or SHC (8, 9) .
Twenty-four hours of mild HT using SHC or WBC, induced 3 h after a 45 min global hypoxic-ischemic insult, had no beneficial effects on organ or brain pathology. However, a biochemical pattern indicating less cellular death in the HT groups was seen. It has been suggested that HT would increase acidosis and that SHC would give fewer systemic adverse effects than WBC. In this study, we did not find any difference in the clearance of lactate after the insult whether treated with WBC, SHC, or NT. It was only the severity of the insult that influenced the lactate levels. There is conflicting evidence regarding gender difference in the susceptibility to HI. Gender seems to have an impact on organ pathology in our newborn pig model of global HI.
